Perez Bay AE, Ibañ ez LI, Marengo FD. Rapid recovery of releasable vesicles and formation of nonreleasable endosomes follow intense exocytosis in chromaffin cells. Am J Physiol Cell Physiol 293: C1509-C1522, 2007. First published August 8, 2007 doi:10.1152/ajpcell.00632.2006.-Neurons and neuroendocrine cells must retrieve plasma membrane excess and refill vesicle pools depleted by exocytosis. To perform these tasks cells can use different endocytosis/recycling mechanisms whose selection will impact on vesicle recycling time and secretion performance. We used FM1-43 to evaluate in the same experiment exocytosis, endocytosis, and recovery of releasable vesicles on mouse chromaffin cells. Various exocytosis levels were induced by a variety of stimuli, and we discriminated the resultant endocytosis-recycling responses according to their ability to rapidly generate releasable vesicles. Exocytosis of Յ20% of plasma membrane (provoked by nicotine/acetylcholine) was followed by total recovery of releasable vesicles. If a stronger stimulus (50 mM K ϩ and 2 mM Ca 2ϩ ) provoking intense exocytosis (51 Ϯ 7%) was applied, endocytosis still retrieved all the fused membrane, but only a fraction (19 Ϯ 2%) was releasable by a second stimulus. Using ADVASEP-7 or bromophenol blue to quickly eliminate fluorescence from noninternalized FM1-43, we determined that this fraction became releasable in Ͻ2 min. The remaining nonreleasable fraction was distributed mainly as fluorescent spots (ϳ0.7 m) selectively labeled by 40-to 70-kDa dextrans and was suppressed by a phosphatidylinositol-3-phosphate kinase inhibitor, suggesting that it had been formed by a bulk retrieval mechanism. We concluded that chromaffin cells can rapidly recycle significant fractions of their total vesicle population, and that this pathway prevails when cholinergic agonists are used as secretagogues. When exocytosis exceeded ϳ20% of plasma membrane, an additional mechanism was activated, which was unable to produce secretory vesicles in our experimental time frame but appeared crucial to maintaining membrane surface homeostasis under extreme conditions. endocytosis; mouse chromaffin cells; calcium signal; FM1-43; ADVASEP-7; bromophenol blue
IN NEUROENDOCRINE CELLS and neurons, plasma membrane excess produced by Ca 2ϩ -dependent exocytosis must be retrieved in order to maintain the cellular surface and refill depleted vesicle pools. Different endocytic pathways have been described in chromaffin cells: the classical clathrin-dependent mechanism (4, 12, 25) , a rapid endocytosis regulated by Ca 2ϩ and PKC (4, 5, 11) , and an ultrarapid pathway (5) . The speed at which secretory vesicles are recovered will depend on the pathway selected by the cell to retrieve its membrane. For example, if the membrane is recovered by a fast mechanism, i.e., kiss and run (1, 3) , the secretory granules can be expected to be recycled in 20 -40 s (24, 36) , assuming that the recycling times obtained for the synapse are applicable to chromaffin cells. It is important to remark that although rapid endocytosis in chromaffin cells is completed in ϳ30 s (5) , there are no data available showing that internalized membrane recycles into new competent secretory vesicles in Ͻ5 min (17) . On the other hand, if membrane is recovered after complete fusion by the classical mechanism involving clathrin-dependent endocytosis, fusion of coated vesicles with endosomes, and generation of new vesicles, recycling can be extremely slow (31) . Moreover, after strong stimulation, there is in addition a fraction of membrane that apparently goes to the lysosomal pathway (31) , as a consequence of which a "de novo" synthesis of secretory vesicles can be expected. Finally, in several preparations a bulk endocytosis process has been described (23, 36) . This type of endocytosis is activated after massive exocytosis and may contribute to maintaining cellular membrane homeostasis by the generation of big cisternae and/or vacuoles. In summary, there are several possible membrane recycling mechanisms, and the choice of any of them will impact differently on vesicle regeneration and consequently on the exocytic competence of the cell.
Considering the many possible mechanisms that cells can use to retrieve membrane and recycle secretory vesicles, an important question is, What conditions induce cells to select one mechanism instead of another? Additionally, in case more than one mechanism is operating simultaneously, another relevant issue is the relative contributions of the different recycling pathways. A third issue is whether these mechanisms are directly associated with the recovery of releasable vesicles in a reasonable time frame. A plausible hypothesis is that chromaffin cells will favor fast vesicle recycling mechanisms as long as membrane homeostasis is not endangered. When massive exocytosis takes place, the cell probably has to look for additional mechanisms to compensate membrane surface changes. If so, a final relevant issue is the limit at which endocytic mechanisms associated with fast vesicle recycling are not enough to compensate exocytosis. This report studies endocytosis and membrane recycling into new, competent releasable vesicles after different stimuli conditions that induce several levels of exocytosis. To perform this task it is desirable to quantify exocytosis, endocytosis, and vesicle recycling during the same experiment. Chromaffin cell secretion has been widely studied with high-temporal-resolution techniques like patch-clamp capacitance measurements and amperometry. Capacitance measurements provide high temporal resolution and high sensitivity but do not supply independent information on exocytosis and endocytosis when both mechanisms are occurring together. This problem becomes particularly critical when strong and/or prolonged stimulation, which induces massive exocytosis, is applied to chromaffin cells. Amperometry is highly sensitive to follow secretion but does not provide information about endocytosis or vesicle cycling. Alternatively, techniques applying fluorescent styryl dyes have barely been used on chromaffin cells despite their important advantages of 1) independent estimations of exocytosis and endocytosis and 2) spatial information. This technique enables the follow-up of both exocytosis and its associated endocytic process, and also the spatial localization and destination of the retrieved membrane.
By using FM1-43 we were able to obtain in the same experiment estimations of exocytosis, endocytosis, and the fraction of internalized membrane that recycled to new vesicles. We concluded that the chromaffin cell has a mechanism to recycle an important fraction of the total secretory vesicle population in Ͻ2 min. This mechanism prevails when cholinergic agonists, which are secretagogues with physiological relevance in chromaffin cells, are used to induce exocytosis. When exocytosis exceeds ϳ20% of plasma membrane, an additional membrane recycling mechanism must be activated, which is unable to produce "new" secretory vesicles in our experimental time frame but seems to be crucial to maintaining membrane surface homeostasis under extreme conditions.
MATERIALS AND METHODS
All animal procedures were performed under protocols approved by Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina and are in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 80-23, 1996) and local regulations. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Cell culture. Adrenal glands obtained from 12-to 18-day old mice were used. Animals were anesthetized with an Avertine overdose. The peritoneal cavity was opened, the inferior cava vein was cut, and the animal was slowly perfused through the left ventricle with previously filtered, cooled, and oxygenated Hanks' solution until blood was washed from the adrenal glands. Both glands were removed, placed into a dish containing Hanks' solution, and cut into quadrants. The pieces of tissue were digested for 40 min in Hanks' solution containing collagenase A (20 mg/ml) at 37°C. The remaining pieces of tissue at the end of the digestion period were treated with deoxyribonuclease I (2 mg/ml) for 3 min to help additional cell dissociation. The cell suspension was filtered through a 200-m-pore mesh and centrifuged at 650 rpm for 10 min. The pellet was resuspended in 1 ml of culture medium and filtered again with a 50-m-pore mesh. Cells were cultured on small pieces of poly-L-lysine-pretreated coverslips at 37°C and 95% O2-5% CO2 and were used for experiments 24 -48 h later.
Solutions and culture media. M199 medium was supplemented with 10% fetal calf serum, 1 mg/ml albumin, 10 M cytosine-1-␤-Darabinofuranoside, 5 l/ml penicillin-streptomycin, and 1.3 l/ml gentamicin. The standard solution used for the experiments contained (mM) 145 NaCl, 5. For epifluorescence studies, cells were placed into a perfusion chamber on the stage of a fluorescence BX50 WI Olympus microscope. Cells were illuminated with a USH-I 02DH mercury lamp (USHIO, Tokyo, Japan) and imaged with ϫ40 [0.8 numerical aperture (NA)] and ϫ60 (0.9 NA) water-immersion objectives and a cooled Quantix charge-coupled device camera (Photometrix, Tucson, AZ). To evaluate exocytosis, endocytosis, and vesicle recycling, 5 M FM1-43 was added to the standard solution, and the whole cell fluorescence at the equatorial section was measured (see below). Endocytosis was also studied by incubating the cell with 50 or 200 M tetramethylrhodamine (TMR) dextran (40 or 70 kDa). When the fluorophore used was FM1-43, the filter block contained a 460/490-nm excitation filter (band pass), a 505-nm dichroic mirror, and a 515-nm barrier filter (high pass). For 40-kDa TMR dextran, we used another filter block containing a 520/550-nm excitation filter (band pass), a 565-nm dichroic mirror, and a 580-nm barrier filter (high pass).
Confocal microscopy was performed with an Olympus FV 300 confocal microscope with a ϫ60 water-immersion objective and the confocal aperture fixed at 150 m. Fluorescence images of 512 ϫ 512 pixels with a resolution of 0.23 m were recorded. Illumination to excite FM1-43 was achieved with an argon laser (488 nm), and a neon laser (543 nm) was used for the TMR dextrans.
Cytosolic Ca 2ϩ concentration measurements. To follow cytosolic Ca 2ϩ changes, cells were incubated with 5 M fluo-4 AM at 37°C for 45 min in the presence of 0.2% Pluronic and washed for another 10 min at the same temperature before the experiment started. For these experiments we used the epifluorescence setup described in Measuring exocytosis and endocytosis with imaging techniques. The filter block contained a 460/490-nm excitation filter (band pass), a 505-nm dichroic mirror, and a 515-nm barrier filter (high pass). Changes in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i) are expressed as ⌬F/F0, where F0 is the spatially averaged fluorescence of the cell before stimulation and ⌬F represents the change in fluorescence produced by the stimulus.
Basic protocols. In the present work we used FM1-43 to evaluate, in the same experiment, exocytosis, endocytosis, and the resulting membrane cycling into new secretory vesicles. To assess exocytosis, we relied on the fact that the quantum yield of FM1-43 dramatically increases when it is inserted in the membrane and on the fact that this dye does not cross over the membrane. In consequence, the augmentation in fluorescence reveals the relative increase in membrane surface when exocytosis is stimulated (36) . In other words, when exocytosis takes place the vesicular membrane becomes exposed to extracellular solution and gets labeled with the fluorophore. Therefore, the amount of FM1-43 inserted into membrane, and in consequence the fluorescence, will increase. If FM1-43 has not been washed out and fluorescence of the whole cell is measured, it is irrelevant whether the added membrane remains on the cell surface or is internalized: the dye will remain inserted in this membrane and will thus contribute to fluorescence of the whole cell. Before the beginning of each experiment, quantification of nonspecific staining of cells was done by preincubating with normal solution in the presence of FM1-43 for 15 min and washing out the fluorophore for 30 min. The fluorescence that remained at the end of this period was subtracted from fluorescence values obtained during the experiment. Cells were then incubated again in the presence of FM1-43 for another 15 min, which is the time needed for fluorescence to reach a plateau (the end of this step is represented by Fig. 1AI and by point I in Figs. 1B and 2A) . Once the incubation period ended, cells were depolarized over 3 min with 50 mM K ϩ , still in the presence of FM1-43, causing a massive vesicular fusion to the plasma membrane with the consequent increase of FM1-43-associated fluorescence (the end of this step is represented by Fig. 1AII and by point II in Figs. 1B and 2A). We used the relative rise in fluorescence during this step to quantify the exocytosis resulting from stimulation (Exo1). Subsequently, FM1-43 was washed out from the external solution in normal-K ϩ standard solution over 30 min (the end of this step is represented by point III in Figs. 1 and 2 ). In consequence, the fluorophore was removed from the plasma membrane but not from the fraction of membrane internalized by endocytosis during the stimulation period. The remaining fluorescence at the end of washout (point III in Figs. 1 and 2 ) was used to quantify the endocytosis (Endo). The endocytosis measured in this protocol is a consequence of the exocytosis process triggered by high-K ϩ depolarization, and it is worthwhile noting that when depolarization was not applied there was negligible cellular fluorescence at the end of washout (Figs. 2D and  3A) . Finally, a second stimulus was applied (in this example, 50 mM K ϩ ) in the absence of FM1-43 for 20 or 30 min (the end of this step is represented as point IV in Figs. 1 and 2 ). The aim of this step was to induce exocytosis (Exo2) and the consequent release of the FM1-43 attached to the previously endocytosed membrane. This last step provided information about the recycling of endocytosed membrane to new releasable vesicles within the time frame of the experiment. We also performed experiments using other stimuli, like nicotine, acetylcholine, or Na ϩ /Ca 2ϩ exchanger reversal, but the general experimental scheme remained always the same.
All values obtained from the experiments are expressed as percentages of fluorescence measured at the end of the incubation period with FM1-43 (point I in Figs. 1 and 2 ), except for Fig. 4 , B and C, Fig. 5D , and Fig. 7D , in which values during Exo2 were normalized to the end of FM1-43 washout (point III in Fig. 1) . For experiments performed with TMR dextrans, cells were incubated for 15 min with the fluorophore and then stimulated for 3 min still in the presence of the dye, washed out for 30 min, and finally stimulated again for 20 min. Images were obtained during the last part of the washout and the whole destaining period.
Chemicals and drugs. Bovine serum albumin, poly-L-lysine, cytosine-1-␤-D-arabinofuranoside, deoxyribonuclease, and acetylcholine were obtained from Sigma (St Louis, MO); low-glucose M199, fetal calf serum, gentamicin, and penicillin-streptomycin from GIBCO (Carlsbad, CA); and collagenase A from Roche (Basel, Switzerland). Fluorescent indicators (FM1-43, fluo-4 AM, and 40-kDa TMR dextran) were purchased from Molecular Probes (Portland, OR); nicotine and the phosphatidylinositol-3-phosphate kinase inhibitor LY-294002 were obtained from Calbiochem (San Diego, CA).
Data analysis and statistics. In all cases, data are shown as means Ϯ SE. Student's t-tests for comparison between independent or paired data samples were used. To compare multiple independent conditions, ANOVA test plus contrasts by Dunn's method was performed, or alternatively when normality test failed Kruskal-Wallis plus contrasts by Dunnet's method was used. The values of Exo2 (see Basic protocols) were obtained from the asymptote of a double exponential fitting performed on the experimental destaining curve. The averaged Exo2 obtained in control experiments by this method was only 10% bigger than the value obtained by simple difference between the previous baseline and last measured points of the destaining.
Images were analyzed with the Axon Imaging Workbench 2.1 program (Axon Instruments). This was performed by measuring the spatially averaged fluorescence of the whole cell at equatorial cell section and subtracting the background fluorescence from each measurement (background was quantified in several areas of the surrounding field and averaged). To obtain the full width at half-maximum (FWHM) for the fluorescent spots remaining in cells after destaining, the profiles obtained for each spot were fitted to a Gauss function. Image Pro software (Media Cibernetics, Silver Spring, MD) was used to select and obtain the profiles.
RESULTS

Evaluation of exocytosis, endocytosis, and vesicle recycling during a single experiment.
We used FM1-43 to estimate, in the course of a single experiment, exocytosis (Exo1), measured as the relative increase in FM1-43 fluorescence during the stimulus; endocytosis (Endo), measured as the fluorescence retained in the cell after washing out the external fluorophore; and the fraction of retrieved membrane recycled into new releasable vesicles, measured as the portion of internalized FM1-43 released by a second stimulus (Exo2). The details and rationale of the standard experimental protocol are described in MATERIALS AND METHODS and in Fig. 1 . The time course of FM1-43 relative fluorescence is represented in Fig. 2A , and the scheme in Fig. 2B represents all the different fractions measured during these experiments. Our standard stimulus to induce exocytosis was the application of 50 mM K ϩ in the presence of 2 mM Ca 2ϩ over 3 min. In a parallel series of experiments we determined that the cytosolic Ca 2ϩ transient associated with this stimulus peaked at 10 s, followed by a continuous decrease in Ca 2ϩ signal, which remained above resting values for several minutes after the end of depolarization ( Fig. 2C ). This stimulus induced exocytosis (Exo1) equivalent to 51 Ϯ 7% (n ϭ 26) of the total plasma membrane surface ( Fig. 2A, point II) . The increase in fluorescence related to Exo1 was not associated with an evident increase in cell diameter (Fig. 1A) , and in consequence an augmentation in plasmatic membrane folding and/or endocytosis should proceed together with exocytosis during the 3-min stimulation period. The time evolution of the fluorescence record during Exo1 ( Fig. 2A) demonstrated the presence of a fast component during the first 10 s that was followed by a slower fluorescence increase. However, a detailed analysis of the kinetics of the exocytosis response is beyond the scope of this paper. The resulting endocytosis (point III at Fig. 2A ; see also Endo in the scheme represented in Fig. 2B ) retrieved a similar amount of membrane (53 Ϯ 7%), fully compensating the increase in membrane surface produced by Exo1. When a second depolarization was applied, a considerable fraction of the internalized membrane (19 Ϯ 2% of the total plasma membrane surface) was released. This second exocytosis process (Exo2) is represented by the decay between points III and IV (P Ͻ 0.0001, n ϭ 26) in Fig. 2A . This releasable fraction represents a pool of endocytosed membrane that cycled into new releasable vesicles during the period between Exo1 and Exo2 (30 min). Analyzing the relationship Exo2/Endo for each individual experiment, we concluded that this fraction represented almost half of the endocytosed membrane (Exo2/Endo ϭ 0.47 Ϯ 0.07). Because an important portion of the internalized membrane was not exocytosed by the second stimulus, the formation of a nonreleasable fraction (NRF) of membrane (35 Ϯ 7%) could also be identified. The existence of these two fractions, Exo2 and NRF, was observed under different conditions of high-K ϩ depolarization (see below) in a total population of 131 cells studied. To study whether Endo and NRF formation were a consequence of exocytosis induced by cell depolarization or the result of nonspecific cellular staining, similar experiments were performed, but the first stimulation was not applied (Fig. 2D) . It is worth noting that, in contrast with experiments in which high-K ϩ depolarization was applied (Fig. 2D , dotted line), in the absence of the first stimulus Endo and NRF were negligible. These results show that Endo and NRF represent fractions of membrane internalized because of the exocytosis-endocytosis activity produced as a consequence of cell depolarization.
It was shown in bovine chromaffin cells dialyzed with 50 M calcium that the onset of endocytosis was delayed by 2-3 min with respect to the beginning of exocytosis (36) . Because we depolarized the cells over 3 min, it is possible that endocytosis could be prolonged after the end of the stimulus, and consequently endocytosis might have been underestimated in our experiments. Although this scenario would imply an unexpected overcompensation of exocytosis by endocytosis, we proceeded to test this possibility by not removing FM1-43 after the first depolarization but holding it instead for an additional 20 min, allowing the detection of any possible delayed endocytosis by fluorophore incorporation (Fig. 3A) . In this group of experiments, endocytosis (Endo) was again identical to exocytosis (Exo1) (n ϭ 13), indicating that no additional endocytosis occurred after the end of stimulus. As we did for the standard experimental protocol (Fig. 2D) , we wanted to confirm that Endo and NRF were consequences of the exocytosis induced by cell depolarization. We performed similar experiments, but in the absence of the first stimulation (Fig. 3A) . Again, when the first stimulus was not applied Endo and NRF were negligible. As expected, in these experiments the second stimulus failed to induce Exo2, because no additional decrease in fluorescence was generated by high-K ϩ depolarization. To exclude a possible artifact associated with the measurement of Exo2, a normal experiment was performed, but the second depolarization was applied in zero nominal extracellular Ca 2ϩ (Fig. 3B ). While high-K ϩ depolarization induced a clear decrease in FM1-43-associated fluorescence in the presence of 2 mM Ca 2ϩ ( Figs. 1 and 2 ; note the decrease between points III and IV) in the bath solution, the same intervention in zero nominal Ca 2ϩ produced no effect (Fig. 3B ). These data together exclude the possibility that Exo2 could be an artifact caused by cell depolarization (36) or solution change and support our interpretation that it is a Ca 2ϩ -dependent exocytosis of releasable vesicles generated as a consequence of previous endocytosis and membrane recycling following Exo1.
Another potential source of error was the possible release of FM1-43-containing granules during the 30-min washout, with the resulting underestimation of Exo2. Thus, to inhibit any possible Ca 2ϩ -dependent basal exocytosis, the washout was performed in zero nominal Ca 2ϩ . In this group of experiments, the fraction of releasable endocytosed membrane (Exo2/Endo) was similar to control values (Fig. 3C) , and therefore we concluded that there was no significant Ca 2ϩ -dependent release of FM1-43-containing vesicles during washout.
To investigate whether the size of the vesicle pool released during Exo2 was at its steady state or whether it was limited by the recycling time allowed between Exo1 and Exo2, the interval between the stimuli was augmented from the standard 30 min to 50 or 80 min. Under these conditions Exo2/Endo was similar to standard experimental values [0.47 Ϯ 0.07, 0.46 Ϯ Fig. 3 . Evaluation of exocytosis, endocytosis, vesicle cycling, and NRF. A: time course of FM1-43-associated fluorescence. The protocol was similar to that described in Fig. 1 , but cells were exposed to FM1-43 for an additional 20 min after the end of Exo1 to test possible delayed endocytosis (OE). In another set of experiments, an analogous protocol was applied, but no 1st stimulus was given to the cells (‚). B: time course of FM1-43-associated relative fluorescence. The protocol was similar to that described in Fig. 1 0.07, and 0.43 Ϯ 0.1 for 30, 50 (n ϭ 9), and 80 (n ϭ 4) min, respectively], suggesting that the amount of membrane recycled into releasable vesicles did not increase between 30 and 80 min, and that there was in fact a slightly decreasing tendency.
Releasable vesicles are recovered in a short time period. Together the results described above show that the measurement of Exo2 provides valuable information about the fraction of membrane cycled to new releasable vesicles after the first stimulus responsible for Exo1. However, from these results it is only possible to affirm that membrane cycling to new releasable vesicles happens in Յ30 min. It would be important to determine more accurately how early this membrane fraction becomes releasable. The first approach to tackle this issue was to reduce the time allowed between Exo1 and Exo2 to 15 min (Fig. 4) . Under this condition, the exocytosis induced during Exo2 was no different from that obtained in the standard protocol (Fig. 4A) , indicating that all the recycling process of releasable vesicles occurs within 15 min after the end of Exo1. In another set of experiments we increased the speed of FM1-43 washout by tripling the solution exchange rate in the perfusion chamber. In these experiments there was an evident loss of fluorescence during the second depolarization (Fig. 4A ), applied at 9 min after the end of Exo1. However, there was no clear plateau at the end of the washing, and consequently it was not possible to get a reliable value for this change. Moreover, it would be very difficult to get a convincing measurement for shorter washout periods. To study possible fast vesicular cycling at shorter periods we used, in independent experiments, the scavenger ADVASEP-7 and the FM1-43 quencher bromophenol blue (Fig. 4 , B and C; see also Supplemental Fig. S1 ). 1 These compounds cannot pass through biological membranes 1 The online version of this article contains supplemental material. and therefore only affect extracellular fluorophore molecules. The first compound removes extracellular dye molecules very rapidly (Supplemental Fig. S1 ). It has been described that ADVASEP-7 can capture FM1-43 from liposomes in Ͻ2 s (23) . The second compound is a reagent that quenches the green emission of fluorophores located at very close proximity (it cannot affect intracellular FM1-43) (19) . The characteristics of ADVASEP and bromophenol blue make them useful for our purpose, because these compounds will not affect FM1-43 contained in vesicles at rest, but they will effectively affect FM1-43 bound to the external side of plasma membrane. For each approach we carried out experiments reducing the time allowed between Exo1 and Exo2 to 5 or 2 min. Under all these conditions, the second depolarization was clearly capable of inducing exocytosis with the consequent loss of FM1-43. Destaining curves obtained after washing out FM1-43 in the presence of ADVASEP (Fig. 4B) or bromophenol blue (Fig.  4C) were similar to the destaining curve obtained in standard experiments (after 30 min washout in standard solution, represented by continuous line in Fig. 4 , B and C). These experiments indicate that an important fraction of the internalized membrane can generate newly releasable vesicles in Ͻ2 min after the end of Exo1.
It is clear from the results presented in Fig. 4 that while in the presence of bromophenol blue the size of the destaining was almost identical to that of control, with ADVASEP-7 it was perceptibly bigger. We do not know the reason for this difference, but perhaps with ADVASEP-7 the washout of external FM1-43 was not fully completed, and therefore some washout component could still be present during destaining. On the other hand, when high K ϩ was applied together with bromophenol blue to induce Exo2, there was at the beginning of destaining a faster decay in cellular fluorescence than that observed in normal experiments. This fast decay might be due to the capacity of bromophenol blue to enter into vesicles during fusion and quench FM1-43 tagged to their luminal side (19) .
Exocytosis induced by cholinergic agonists is followed by complete recovery of releasable vesicles in a short time period. The mechanism of fast secretory vesicle recycling can be a general mechanism relevant in chromaffin cell physiology or just a phenomenon associated with one particular stimulation condition, such as a depolarization with 50 mM K ϩ . To study whether our results were applicable to a more physiological condition, we used the cholinergic agonists nicotine and acetylcholine to induce Exo1 (see MATERIALS AND METHODS) and to provoke Exo2 after FM1-43 washout (Fig. 5 ). Although these secretagogues induced a clear increase in fluorescence, the exocytotic response to these agonists was not as big as that obtained in response to high-K ϩ stimulation (P Ͻ 0.05, comparing high K ϩ vs. agonists applied during 1 or 5 min; see below). Application of 200 M nicotine (Fig. 5A ) did not increase FM1-43 fluorescence by more than 20% (complete experiments are shown in Supplemental Fig. S2 ). Moreover, there was not a significant difference in Exo1 when stimulus duration was increased from 1 min to 5 min (Fig. 5A ). As expected, endocytosis completely compensated exocytosis in those conditions, but surprisingly Exo2 and Endo were not significantly different and consequently the endocytosed membrane was fully released again with the second stimulus (Fig.  5A) . Therefore, the NRF of membrane was not formed under those conditions. When chromaffin cells were stimulated for 1 or 5 min with 200 M acetylcholine (Fig. 5B) , the results were very similar to those obtained with nicotine: Exo1 was between 12 and 20%; Exo1, Endo, and Exo2 were again statistically identical for each condition; and no generation of NRF was evident. Even 1 mM acetylcholine applied for 5 min did not increase exocytosis beyond the values mentioned above. To study why Exo1 does not increase more than 20% when the cells are stimulated with nicotine, [Ca 2ϩ ] i changes in response to the application of this secretagogue were measured. Cells were loaded with 5 M fluo 4-AM as described in MATERIALS AND METHODS and stimulated with 200 M nicotine for 5 min. As represented in Fig. 5C , the Ca 2ϩ transient was smaller and briefer than that observed for high-K ϩ depolarization (Fig.  2C) . In fact, fluorescence decreased rapidly, returning to prestimulation values in ϳ2 min. The fact that the Ca 2ϩ transient decayed so quickly while nicotine was still in the bath explains not only the moderate value of Exo1 but also why no more exocytosis was obtained by increasing stimulus duration.
The experiments described above showed that the membrane endocytosed after the application of a cholinergic stimulus is completely recycled to releasable vesicles. This is a different scenario compared with 50 mM K ϩ stimulation. However, we cannot exclude the possibility that the application of high K ϩ during Exo2 would be less effective than cholinergic agonists to release the membrane internalized after Exo1. This problem was solved by another set of experiments in which the first stimulus was 200 M nicotine (for 1 or 5 min) and the second (to induce Exo2) was 50 mM K ϩ plus 2 mM Ca 2ϩ . In these experiments, high-K ϩ depolarization also released all the endocytosed membrane: 11 Ϯ 2% vs. 11 Ϯ 1% for 1-min nicotine application (n ϭ 6) and 16 Ϯ 2% vs. 18 Ϯ 3% for 5-min application (n ϭ 6) for Exo2 and Endo, respectively.
To study fast vesicular cycling at short periods after nicotine induction of Exo1, we used the scavenger ADVASEP-7. These experiments showed that most endocytosed membrane is transformed into releasable vesicles in Ͻ3.5 min (Fig. 5D) . Similar results were obtained when the time between Exo1 and Exo2 was reduced to 2 min (data not shown).
The experiments described in this and previous sections showed that a fast recycling mechanism of secretory vesicles operates in chromaffin cells under different stimulation conditions. When cholinergic stimulation was applied, the fast recycling mechanism predominated. However, when Exo1 was induced by high-K ϩ stimulation that generates a massive exocytosis of Ͼ50% of plasma membrane, a NRF fraction was formed in addition to the new secretory vesicles.
Membrane exocytosed in response to moderate stimuli is mostly recovered into releasable vesicles. Since Exo1 provoked by high-K ϩ depolarization was markedly bigger than Exo1 induced by nicotine agonists, the results shown above did not clarify whether NRF formation was a consequence of the quality or strength of stimulus used. Because the absolute size of Exo2 was very similar in both conditions, the NRF can be considered a consequence of an accessory mechanism that compensates membrane when exocytosis (Exo1) is excessive.
To study this hypothesis, in three sets of experiments Exo1 was induced by different types of stimuli and Exo1, Endo, Exo2, and NRF were estimated. First, cells were depolarized for 3 min with 50 mM K ϩ but in the presence of a low Ca 2ϩ concentration (0.5 mM) (Fig. 6, Supplemental Fig. S3 ). Second, we induced the reversion of Na ϩ /Ca 2ϩ exchanger to generate Ca 2ϩ influx and trigger exocytosis. The protocol was similar to the standard protocol ( Fig. 1 ; see MATERIALS AND METHODS), but instead of high-K ϩ depolarization to induce Ca 2ϩ entry the cells were treated with a solution containing 19 mM Na ϩ for 1 min, compensating osmolarity and ionic force by replacement of NaCl with 126 mM choline Cl (Fig. 6 ). This condition was selected because it induces an important increase in cytosolic Ca 2ϩ in cardiac myocytes (7) . Third, a stimulating solution similar to the previous one was used, but it contained 126 mM NMDG instead of choline (Fig. 6, Supplemental Fig.  S3 ). The aim of the latter protocol was to avoid any unwanted effect of choline on cholinergic receptors. These three conditions generated Exo1 and Endo similar to nicotine and acetylcholine, but markedly smaller than our standard condition (filled bar in Fig. 6 ) of high K ϩ and 2 mM Ca 2ϩ (P Ͻ 0.0001). It is important to note that for each condition represented in Fig. 6 Endo was statistically identical to Exo1, and in consequence there was a complete compensation of exocytosis by endocytosis. Despite the important reductions in Exo1 and Endo, the size of Exo2 was not very affected by the type of stimulus: while at low Ca 2ϩ concentration this parameter was similar to that in experiments performed at 50 mM K ϩ plus 2 mM Ca 2ϩ , there were small although significant reductions when Na ϩ /Ca 2ϩ was reversed (P Ͻ 0.05). As a consequence of the dramatic reduction of Endo together with small or absent changes in Exo2, the relationship Exo2/Endo (Fig. 6, inset) for cells stimulated with high K ϩ plus 0.5 mM Ca 2ϩ or through reversion of Na ϩ /Ca 2ϩ exchanger increased significantly respect to our standard condition represented by the filled bar in Fig. 6 (P Ͻ 0.05). In consequence, for all these experiments only a very small NRF was formed, which was significantly smaller than that in experiments performed with our standard stimulus (P Ͻ 0.0002). Together these data show that the relative fraction of the retrieved membrane released during Exo2 was larger when Exo1 remained at moderate values (ϳ20% of plasma membrane). Because NRF was markedly decreased in these conditions, it seems that its formation is dependent, at least in part, on the size of Exo1, agreeing with the idea that bigger exocytosis generates larger amounts of NRF.
Spatial localization and origin of the nonreleasable fraction. Images obtained at the end of the washout showed an intracellular fluorescence distribution pattern constituted of a diffused component and another fraction of pretty well delimited spots (Fig. 1AIII) . At the end of the second stimulus (Exo2) these spots remained into the cell (Fig. 1AIV) , while it is possible to note some decrease in the diffuse fraction. These spots seem to be constituted of nonreleasable structures larger than vesicles and characterize, at least in part, the spatial distribution of NRF. Spatial localization of the membrane compartment associated with NRF was further studied by confocal images (Fig. 7A ) acquired at the end of the standard experimental protocol (stimulation with high K ϩ ϩ 2 mM Ca 2ϩ ) represented in Fig.  1 . This stimulation protocol was chosen because it generates a large NRF. Figure 7A shows 3 typical examples selected from 11 cells studied. All of those cells exhibited the type of pattern represented in Fig. 7A . Fluorescence remaining in the cells at the end of the experiment was mainly concentrated in large spots localized across the cytosol and excluded from the nucleus. The size of these spots (measured as FWHM) ranged from a fraction of a micrometer to ϳ2 m (n ϭ 62, measured in 11 cells). We excluded from our measurements spot accumulations that did not allow clear discrimination of their limits. The FWHM of these spots was distributed around a median of 0.53 m and an average of 0.62 m. Because of the size of these fluorescent spots, we wondered whether they just represented accumulations of small vesicles or larger membrane structures like endosomes or, alternatively, vacuoles/cisternae formed by bulk endocytosis. To investigate this hypothesis, we studied the cellular localization of a 40-kDa TMR dextran in cells previously stimulated for 3 min with 50 mM K ϩ plus 2 mM Ca 2ϩ in the presence of 50 M or 200 M dextran. The size of this dye is large enough to prevent its entry into the lumen of vesicles, but it can be taken up by bigger organelles such as cisternae and vacuoles formed during bulk endocytosis (22) . Figure 7B shows 4 typical examples selected from 13 cells loaded with 50 M TMR dextran. All cells studied (n ϭ 18) loaded with 50 or 200 M dextran exhibited the type of pattern represented in Fig 7B, with the exception of one cell in which the focus plane did not contain the nucleus. As observed with FM1-43, the fluorescent dextran distribution at the end of experiments was concentrated in large spots (Fig. 7B ) localized across the cytosol and excluded from the nucleus (a similar distribution pattern was obtained in 15 cells loaded with 50 M 70-kDa TMR dextran; data not shown). The size of these spots ranged from a fraction of a micrometer to ϳ2 m (n ϭ 62 in 13 cells loaded with 50 M TMR dextran), with a median of 0.69 m and an average of 0.70 m (Fig. 7C) . These values are very similar to those obtained by Holt et al. (22) for the vacuoles produced by bulk endocytosis in bipolar cells. It is important to mention that, in contrast to the cells stained with FM1-43, cells loaded with dextrans could not be destained by application of 20-min high-K ϩ depolarization (Fig. 7D) . In summary, from the retrieved membrane stained with FM1-43 it was possible to distinguish two fractions, a releasable fraction and a nonreleasable fraction (NRF). On the other hand, when the endocytic membrane compartment was stained with dextrans, only NRF was labeled. These data indicate that NRF can be selectively stained by high-molecular-mass dextrans and suggest that this membrane fraction is constituted of structures larger than vesicles, possibly produced by bulk endocytosis.
To further study whether bulk endocytosis could be the mechanism underlying the generation of NRF, we used a pharmacological approach. LY-294002 is a phosphatidylinositol-3-phosphate kinase inhibitor, which is known to block bulk endocytosis in bipolar cells (22) . Because bulk endocytosis generates large structures that are recycled slowly and are competent to incorporate high-molecular-mass dextrans, it might be possible that the NRF was somehow related to this mechanism. The application of 10 or 5 M LY-294002 reduced endocytosis markedly, resulting in the lack of compensation of Exo1 by Endo (Fig. 8, Supplemental Fig. S4 ). It is worthwhile to mention that these were the only conditions in which Endo did not compensate completely Exo1. Since Exo2 was not different than Endo, the totality of endocytosed membrane was released during the second depolarization. In consequence, the generation of NRF was completely blocked (Fig.  8, Supplemental Fig. S4 ). These results show that LY-294002 blocked an endocytotic component involved in NRF formation.
DISCUSSION
After exocytosis, neurons and neuroendocrine cells must retrieve the plasma membrane excess and refill the depleted pools of vesicles. To perform this task, various endocytotic mechanisms and recycling pathways can potentially operate in these cells. In this study, we investigated the magnitude, spatial distribution, and destiny of the endocytosed membrane after a variety of stimuli conditions inducing different levels of exocytosis. Using FM1-43, we were able to obtain estimations of exocytosis, endocytosis, and the fraction of internalized membrane that recycled to new vesicles. This paper shows that, under a variety of stimulus conditions, a fraction of internalized membrane that can be as big as 20% of the plasmatic membrane recycles into new releasable vesicles in Ͻ2 min (Fig. 4) . This fast endocytic/recycling sequence prevailed when cells were stimulated by applying the cholinergic agonists acetylcholine (endogenous activator of chromaffin cell exocytosis) or nicotine. On the other hand, when exocytosis and the resultant endocytosis were bigger than ϳ20% of plasma membrane, a NRF of internalized membrane was formed in addition, which was distributed into cytosolic localized spots of ϳ0.7-m average size.
Exocytosis. Application of 50 mM K ϩ for 3 min to chromaffin cells induced an exocytic response that fused an amount of membrane equivalent to Ͼ50% of the plasmalemma (Fig. 2) . Considering a whole cell capacitance of 6.34 Ϯ 0.37 pF (data obtained from patch-clamp experiments performed in our laboratory; n ϭ 16) and assuming an average capacitance of 1.3 fF for an individual vesicle (28) , it is easy to estimate that one vesicle approximately corresponds to 0.02% of plasma membrane. Therefore, application of 3-min high-K ϩ depolarization released roughly 2,500 vesicles. This value is similar to the number of vesicles released by cells dialyzed with a high-Ca 2ϩ intracellular solution (6) and represents ϳ40 -100% of the total releasable vesicles per cell (20) . A detailed observation of the evolution of fluorescence record during Exo1 ( Fig. 2A) demonstrates the presence of a fast component during approximately the first 10 s, followed by a slower increase in fluorescence. This exocytic process is absolutely dependent on stimulus application (Figs. 2D and 3A) , and its temporal evolution reasonably follows the time course of cytosolic Ca 2ϩ signal, which peaks at 10 s after stimulus onset (Fig. 2C) . Application of nicotinic agonists as secretagogues induced, in our hands, an exocytic response equivalent to 12-23% of plasma membrane (Fig. 5) . Some authors have reported that nicotine induces bigger catecholamine release than K ϩ depolarizations (10). Our results are, however, in agreement with the smaller and markedly shorter Ca 2ϩ transient induced by this drug (Fig. 5C ) with respect to high-K ϩ stimulation. Another possible approach to increase cytosolic Ca 2ϩ concentration, and consequently induce exocytosis, is reversion of the Na ϩ /Ca 2ϩ exchanger. The presence of this Ca 2ϩ transport system has already been demonstrated in chromaffin cells (26) . Although the induction of the reverse mode of Na ϩ /Ca 2ϩ exchanger produces only a moderate Ca 2ϩ increase in chromaffin cells (29) , it is enough to induce some exocytic activity (30) . In our preparation, this treatment induced an Exo1 equivalent to 15% of plasma membrane, similar to the value obtained with cholinergic stimulation.
Endocytosis. The increment in chromaffin cell plasma membrane produced by exocytosis must be retrieved in order to maintain the cellular surface and refill the depleted vesicle pools. We found that, for all the experimental approaches used in this study (with the exception of experiments with LY-294002), endocytosis always compensated exocytosis perfectly (Figs. 5 and 6 ). It is important to note that our results support the notion that endocytosis takes place during the stimulation period, almost simultaneously with exocytosis. This affirmation is based on three observations. First, the increase in fluorescence related to Exo1 was not associated with any increase in cell diameter (Fig. 1A) . Second, to obtain our measurement of Endo, we removed FM1-43 from the bath solution at the end of stimulus, so no more fluorophore could be internalized. Third, Endo was not increased by maintaining FM1-43 for an additional 20 min after the end of the stimulus (Fig. 3A) . There was no excess or deficiency in membrane retrieval under our experimental conditions. However, depending on the stimuli used to induce Exo1, the retrieved membrane was completely or only partially recovered into releasable vesicles (Figs. 5 and 6 ).
There are at least two endocytic/recycling pathways operating under our experimental conditions, one pathway that rapidly recovers membrane into releasable vesicles and another that compensates membrane changes but is unable to generate new vesicles, at least for a period of 80 min. However, we do not know which endocytic mechanisms operate at the beginning of these pathways. After exocytosis, chromaffin cell membrane can be retrieved following the classical clathrindependent mechanism (31) or a fast, clathrin-independent endocytosis mechanism (4). The first mechanism is supposed to emerge in response to complete fusion of exocytosed vesicles and is initiated by the formation of clathrin-coated vesicles with a short lifetime of a few minutes (27) . Endocytosed membrane components are trafficked through the trans-Golgi network, and after a long period they finally appear, forming part of new secretory vesicles (31) . A fraction of the membrane endocytosed by the classical mechanism can also derive to the lysosomal pathway (31, 33) . Fast endocytosis does not form clathrin-coated vesicles, is dependent on dynamin and Ca 2ϩ , and lasts ϳ20 s (5). Some investigators suggested that this type of endocytosis could be the endocytic step of the kiss-and-run membrane recycling mechanism (4). Additionally, a third endocytic mechanism can be considered. It was suggested that, in response to massive exocytosis, some cells can retrieve plasma membrane through a process called bulk endocytosis, characterized by the formation of big vacuoles or cisternae directly from plasma membrane. This mechanism does not involve clathrin-coated intermediates but does require actin polymerization and modulation by phosphoinositides (22, 34) . At least to our knowledge, bulk endocytosis has not been described before in chromaffin cells. We have reason to suspect that bulk endocytosis can contribute to membrane retrieval under some of our experimental conditions (see below).
A fraction of internalized membrane is rapidly recycled to releasable vesicles. After membrane is recovered by endocytosis, at least a fraction of internalized membrane is transformed into "new" releasable vesicles within the time frame of our experiments. It is important to note that this releasable fraction was actually internalized during the 3-min stimulation period in which FM1-43 was present, and not afterwards (Figs.  2-4 ). Thus this rapidly recovered releasable fraction seems to be different from that identified by von Grafenstein and Knight (39) , which was internalized during a period of 10 min after the end of exocytosis. A rapid endocytic mechanism (5), which retrieves membrane with time constants of 0.3, 3, and 13 s could potentially account for the recycling times measured in our experiments.
Our results suggest that the mechanisms involved in the formation of the releasable fraction of retrieved membrane have a limited capacity. Apparently, it did not matter how big exocytosis and endocytosis resulted in response to the different experimental approaches used in this work: it was not possible to obtain an Exo2 Ͼ20% (Figs. 5 and 6 ). If one vesicle is equivalent to ϳ0.02% of plasma membrane this rapidly recyclable vesicle fraction would be composed of ϳ1,000 vesicles, which correspond to ϳ20 -50% of total releasable vesicles (20) . The results obtained in this work also suggest that this pathway has some sort of priority. In other words, this pathway would be the first option to recycle the membrane fused during exocytosis. From observation of Figs. 5 and 6 it is possible to appreciate that protocols inducing Exo1 and Endo Ͻ20% (for example, Na ϩ /Ca 2ϩ reversion or nicotine agonists) generated almost no NRF, and therefore the Exo2/Endo relationship was close to 1. By the same logic, when Exo1 and Endo were just a little bigger than 20% (high K ϩ in low Ca 2ϩ ) there was a larger NRF, and consequently a smaller Exo2/Endo. Finally, when Exo1 and Endo were much bigger (high K ϩ and 2 mM Ca 2ϩ ) there was a very big NRF, and Exo2/Endo was significantly reduced with respect to the other conditions. In summary, it seems that although chromaffin cells have the capacity to compensate for big changes in membrane surface, there is only a limited capability to transform the retrieved membrane into new vesicles.
How fast is the recovery of releasable vesicles after Exo1? To answer that question we made use of several approaches to accelerate the washout of FM1-43, such as performing a more intensive exchange of bath solution, applying the quencher bromophenol blue, or applying the scavenger ADVASEP-7 (Figs. 4 and 5) . We concluded that the internalized membrane is recovered to releasable vesicles in Ͻ2 min. This conclusion is in agreement with the recent findings by Bauer et al. (8) in NGF-treated PC12 cells, by Henkel et al. (21) in bovine chromaffin cells, and by Fulop et al. (17) in mouse chromaffin cells. These authors have shown that internalized granules that resemble large dense core vesicles show up in ϳ2 min after exocytosis and become releasable in Ͻ5 min. It was defined in electrophysiological experiments that fast endocytosis can retrieve membrane in as short a time as 20 s (5). It is possible that the real recycling time of the releasable fraction could be even faster than the 2-min limit estimated in our experiments, which is close to the time resolution of the applied techniques. In addition, it is relevant that the experiments were performed at room temperature (ϳ22°C), but the process is expected to be much faster at physiological temperature (15, 38) .
The fraction of internalized membrane released during Exo2 might represent a pool of membrane undergoing a rapid cycling to "new" releasable vesicles. Alternatively, it could be the product of the recycling of a group of vesicles that underwent partial fusion. It is commonly believed that the entire contents of dense core granules are released on exocytosis. However, existing evidence supports the notion that vesicles may actually release only a portion of these contents (1, 3, 8, 9, 32, 37) before they are internalized (40) . In pituitary lactotrophs, dense core vesicles undergoing exocytic fusion with the plasma membrane retained some nonsecreted prolactin in a dense core that was slowly internalized and then used during subsequent rounds of exocytosis (9) . PC12 cells retain and retrieve their vesicle cores and make them available for the subsequent exocytotic release in Ͻ5 min (8) . Particularly in chromaffin cells, one-third of the granules fused in response to a 0.5-s depolarization resealed within 100 s (32) , and the recaptured granules can retain vesicle proteins such as chromogranins and the tissue plasminogen activator (17, 32) . These findings are consistent with local recycling of dense core vesicles. The total exclusion of any releasable fraction from 40-kDa dextran (ϳ7 nm)-labeled compartments (Fig. 7D ) is in agreement with the possibility that releasable vesicles were rapidly retrieved after transient fusion pore formation (ϳ4 nm), resembling a kissand-run mechanism (17) . Therefore, it is plausible that dense core granules are retrieved intact, allowing local and fast recycling of releasable vesicles (3) .
A fraction of internalized membrane develops into a nonreleasable compartment. When exocytosis exceeded ϳ20% it was necessary to activate an additional membrane recycling mechanism, which was unable to produce "new" secretory vesicles within our experimental time frame but seems to be crucial to maintain membrane surface homeostasis under extreme conditions.
We lack direct evidence of the mechanism involved in NRF generation. However, there are elements suggesting that NRF can be the result of bulk endocytosis. Holt et al. (22) have shown that vacuoles derived from bulk endocytosis in goldfish bipolar cells were selectively labeled by large fluorescent dextrans. We used the same type of dextrans (40-kDa TMR dextrans) in our preparation and found similar results. Like the vacuoles studied by Holt et al. (22) , our dextran-labeled compartments were distributed with a median size of ϳ0.7 m. Also, similar to the NRF measured with FM1-43, these compartments were not destained in response to prolonged depolarizations. Further evidence was produced by pharmacological experiments. In macrophages, baby hamster kidney cells, and bipolar cell terminals, it was demonstrated that bulk retrieval is dependent on the activity of a phosphatidylinositol-3-phosphate kinase (2, 13, 22) and can be blocked by LY-294002, a phosphatidylinositol 3-phosphate kinase inhibitor. In accordance with those previous findings, we found that formation of NRF was completely inhibited by the application of LY-294002. It is important to mention that this was the only experimental condition in which endocytosis did not completely compensate exocytosis (Fig. 8, Supplemental Fig. S4) . In other words, the lack of the NRF-associated retrieval mechanism was not apparently compensated by another type of endocytosis. All these results together suggest that NRF can at least in part be formed by a bulk retrieval mechanism. However, these results do not fully exclude the possibility for 40-kDa TMR dextrans to be taken up by classical clathrindependent endocytosis and fused into bigger endosomes (17) . It is worthwhile noting that in mammalian synapses bulk endocytosis became evident only when prolonged stimulation with high K ϩ was applied (14) . This mechanism of endocytosis was proposed to be an emergency response that operates when the other endocytic routes are overwhelmed because of intense exocytosis (35) , which is in entire agreement with our interpretation of the data presented in this work.
What is the final fate of the membrane compartment represented by NRF? Our results have shown that it does not evolve into new releasable vesicles, at least for 80 min. Other investigators working with different preparations found that membrane compartments formed by bulk endocytosis recycle far more slowly into vesicles compared with the membrane internalized by other endocytic mechanisms (14, 34) . It is also possible that the membrane fraction associated with NRF progresses toward early/late endosomes to finish in the lysosome pathway (27, 31) . In this latter scenario, recovery of the depleted pool should involve the formation of "de novo" vesicles including the traffic through biosynthetic compartments of the Golgi, because granule proteins such as chromogranins must be packed into the newly formed vesicles and vesicular membranes must be reconstituted (31) .
We do not expect NRF formation to be a normal phenomenon occurring under physiological conditions. In fact, like bulk endocytosis (14, 22, 34) , it was only generated when strong nonphysiological depolarizations were applied (Figs. 2 and 6) but was not evident after application of a more physiological kind of stimulation with cholinergic agonists that provoke a lower exocytosis response (Fig. 5) .
Recycling of vesicle pools versus cellular membrane homeostasis. Membrane surface homeostasis is maintained by exocytosis-endocytosis balance. Additionally, it is expected that after exocytosis of secretory vesicles membrane retrieval not only serves to maintain membrane homeostasis, but also helps to recover previously released vesicles. However, the results of this study indicate that the mechanism normally involved in releasable vesicle recovery is of limited capacity. Smith and Betz (36) suggested that there is a threshold value for cell swelling in chromaffin cells, above which a mechanism of massive endocytosis is triggered to limit further swelling. We think that the observed NRF formation is the consequence of an emergency mechanism to keep chromaffin cell surface constant. This emergency mechanism would be activated when the other endocytic routes that regularly recover the releasable pools of vesicles are overwhelmed because of intense exocytosis (35) . Other authors have already arrived at similar conclusions for the calyx of Held (14) . Those authors observed the formation of endosome-like structures, which were proposed to be the consequence of bulk retrieval, in presynapses stimulated for several minutes with high K ϩ . We can therefore summarize the conclusions of this paper according to the following recycling hypothesis. 1) In conditions of moderate exocytosis (which in the context of this paper means that the cell recycles Ͻ20% of its plasma membrane), the chromaffin cell retrieves exocytosed membrane through a pathway that regenerates releasable vesicles in Ͻ2 min. We do not specifically know the kind of endocytotic mechanism that operates in this pathway. It might possibly be through a rapid endocytotic mechanism, as described by Artalejo and coworkers (5), a mechanism that retrieves membrane with time constants between a fraction of a second and 13 s. This retrieval kinetics is consistent with the total recycling time reported in the present paper. Artalejo and coworkers (16) recently used a double-patch approach to show that, under a variety of stimuli conditions, including action potentials, kiss and run was the predominant retrieval mechanism in chromaffin cells. However, an upper limit of 2 min for the recycling time of releasable vesicles, as demonstrated in the present paper, does not preclude the possible participation of classical clathrindependant endocytosis. In fact, classical retrieval mechanisms in neurons can be completed in ϳ1 min, and could potentially recycle a significant number of vesicles if the operative vesicle pool is large (18) . There is no evidence in the present study supporting the notion that Exo2 is actually associated with catecholamine release, a limitation that should be solved by future investigations. 2) Under conditions of massive exocytosis (defined as Ͼ20% of plasma membrane surface), endocytic mechanisms that regularly recover the releasable vesicle pool under normal conditions would be overcome in capacity. In consequence, an emergency mechanism should be activated to prevent catastrophic cell swelling. The cost of the activation of this mechanism (possibly bulk endocytosis) is the generation of a nonreleasable internal membrane compartment.
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